INTRODUCTION
Following the initial high dissolution rate of waste glasses (forward rate), there is a significant drop in the dissolution rate as the reaction progresses. This behavior is interpreted and modeled by assuming silicic acid (HQSiOJ saturation with respect to the dissolving solid, an affhity reaction term [1] . However, Bourcier [2] has shown that regression analysis of release rate data cannot discriminate between either the Grarnbow reaction afiinity model or a surface transportation model (i.e., diffusion term). Gin et al. [3] maintain that a "gel" layer forms on the corroded glass surface, and this layer acts as a diffusion barrier to the continued dissolution of the glass. Until now the direct evidence for "gel" layers has remained elusive. In this study, we present direct evidence of a silica-rich layer with (EKl%M), which may be the "gel" described by others [3] ; however, this layer has only been found in a lirnited set of simulant waste glasses.
Reacted borosilicate glasses commonly exhibit a thin smectite clay layer that is clearly discernible by conventional transmission electron microscopy (CTENI). At the stage of glass reaction when the dissolution rate starts to drop, this layer is typically between 50 and 200 nm thick and consists of fine bundles of smectite clays oriented perpendicular to the surface. This layer is probably too porous to act as a diffusion barrier (see Figure 1 ).
Electron Energy-Loss Spectroscopy (EELS) is a well-established TEM technique that is based on the fact that the energy electrons lose as they pass through TEM specimens is determined by the crystal chemistry of the specimen (see Figure 2) . Energy filtered imaging (EFI or EFTEM) is a relatively new technique wherein images and compositional maps of TEM specimens are formed using electrons from a limited sections of full EELS spectra [4] . Energy filtered imaging is quantitative, which means that the contrast seen in the images is directly related to the number of atoms per unit area [4] . Furthermore, the spatial resolution is better than that obtained with EDS [5] or secondary ion mass spectrometry [6] , two techniques that have previously been used to profile elements through surfaces. Using EFI, we were able to directly observe the distribution of the major glass components, Si, B, and O, in various glasses. In some borosilicate glasses, direct evidence was found of a silica-rich layer, which maybe a diffusion barrier. 
EXPERIMENTAL PROCEDURE
We examined TEM specimens of two borosilicate glasses after they had been corrosion tested for various times. The glasses were a non-radioactive West Valley glass (WV6) and simulated SRL Tank 51 glass (SR.L-51S) that were prepared at Argonne National Laboratory (l@IL) and the Catholic University of America, respectively. The nominal compositions of the glasses are listed in Tables 1 and 2 . These glasses are part of a suite of nuclear waste glasses that were reacted under extended Product Consistency Test-B (PCT-B) conditions [7] as follows. The glass was crushed and sieved into -75-150~m particles, then equal masses of sieved glass and EJ-13 simulated groundwater were placed in stainless steel Parrml vessels. The initial glass surface area to leachant volume (WV) ratio was 20,000 m-]. Tests were maintained at 90°C for periods of 14 to 364 d. The solution analyses from these tests have been published in detail elsewhere [7] .
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After the corrosion tests were terminated, selectedparticles of the reacted glass were extracted, embedded in an epoxy resin, and thin-sectioned with an ultramicrotome. The thin-sections were examined at the JEOL2O1OF-GIF2OOO faciIity of the Australian Nuclear Science and Technology Organisation (ANSTO) and at the JEOL2000FXII-GIF200 facility of ANL.
Compositional maps were calculated using the "3-window method" [4] . Two pre-edge images were used to model and strip the background from under the post-edge region.
Images were produced from the Si-Lz~, B-K, and O-K edges. The EITEhl images were obtained at a microscope magnification of 1200x using 0.1 eV/channel dispersion, 2x binning, and exposure times ranging from 1 s to 10 s. The boron near edge structure describes the proportion of trigonal ([3]B) and tetrahedral (r4JB) boron in the glass [8, 9] . tests that were conducted on the glasses in this study are published elsewhere [7] . Pertinent to this study is the fact that the reported release rates of boron fiorn the WV6 glass are higher than those from the SRL-51S glass (see Figure 3 ). For example, after 182 d the release rates of boron from the SRL-51S and WV6 glasses were 0.3 and 0.85 g/m2 respectively, whereas the measured Si concentrations, were 398 and 110 mg/L, and the pHs were 11.4 and 9.
Electron Energv-Loss Suectroscouv and Enerzv Filtered Imatinz Results
The B-K core-loss edge can be used to probe the chemistry around B, providing information on the coordination environment and on the relative amounts of trigonal (13]B) and tetrahedral ([4]B)boron in a sample [8, 9] . The boron edge is characterized by two strong features; a sharp peak at -194 eV (the edge feature of '31B)and the broader peak at 198-200 eV (the edge feature of '4]B).The spectrum in Fig. 2b suggests that the WV6 glass possesses a higher level of 13]B than SRL-51S, based on the relative intensities of these features.
Energy filtered imaging revealed the presence of silicon-rich zones on the corroded surface of WV6-45 glass directly underneath layers of precipitated smectite clay, The thickness of the silicon-rich layer on samples reacted at 20000 m-l varies from -100 nm after 182 d to 200 nm thick after 364 d. Figure 4 shows EFTEM maps from a WV6 sample reacted at 20000 m-l for 182 d.
An extremely thin zone enriched in silicon was ako seen on a WV6 glass specimen that had been reacted under less vigorous conditions (2 000 m-*)for 30 days. Conventional TEM showed that the clay layer on this latter specimen was <10 nm thick and patchy and EFI silicon maps showed silicon enrichment to a depth of -10 nm. These silicon-rich zones in all the specimens examined were not readily identifiable using EDS. Energy filtered mapping of the SRL-51S glass 'ND = no data available for this element.
ISCUSSION
The clays from the tests of WV6 and SRL-51S were enriched in Mg, Mn, and Ni relative to the glass and depleted in U (see Tables 1 and 2 ). These analyses of clay agree with previous tests with similar borosilicate glasses [5, 6, 10] . There was significant enrichment of Th, Zr, and P in the Si-rich layer in the WV6 glass. The compositional variations in the WV6 and SRL-51S glass may account for the variation in boron coordination.
The energetic of the charge balance mechanisms in borosilicate glass dictate that NaA13+should form before NaFe3+ or NaB3+; Na is used to charge balance Al% and once all the Al is accounted for, NaB3+ will start to emerge [11] . This might explain the higher level of 131B in the WV6 glass.
Although the WV6 boron release data (see Figure 3 ) follow a ttn relationship, this does not prove that the observed Si-rich layer is a diffusion banier. However, supporting evidence comes from EFTEM images obtained at 364 d where a 100-200 nm thick Si-enriched layer was also found. The SRL-51S boron release data do not appear to follow the tln relationship, and no Sirich layer was observed with EFI. As the compositional maps represent concentrations [4] , the Sinch layer on the corroded WV6 glass has a higher concentration of silicon than the underlying uncorroded glass. This suggests that restructuring of the glass occurred as boron was leached from the surface. Changes in the deformation produced by the microtome in this region observed in some CTEM images also suggest restructuring of the glass. The Si-nch layer f~oundin the corroded WV6 glass does agree with the models of glass corrosion presented by others [3] and, therefore, this layer might be the elusive "gel' layer.
CONCLUSION
We have a) demonstrated differences in B coordination between two types of borosilicate glass, b) proven the occurrence of Si-rich zones in corroded WV6 glass, c) shown that the level of boron within the Si-rich layer is low, and d) shown that the boundary between the Si-layer and glass underneath is very sharp. This study demonstrates that EELS and EFTEM are a powerful tools for characterizing and assessing the corrosion behavior of materials.
